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The cineradiographic analysis of the treadmill locomotion of tree shrews, Tupaia glis com¬ 
prises walk, trot, and gallop. At symmetrical gaits, T glis accelerates primarily by increas¬ 
ing step frequency but at gallop, step length is increased by including a suspension period. 
During all gaits, the site of foot down is directly below the eye. The femur is in horizontal 
orientation at foot down, at lift off humerus and tibia are parallel to the ground. At the 
end of the stance phase elbow and knee joint are more extended during symmetrical gaits 
than at gallop (30-40°). Biphasic shoulder joint movements observable during symmetri¬ 
cal gaits are reduced to monophasic movements at gallop. The onsets of flexion and ex¬ 
tension movements are mostly before foot down and lift off. Body propulsion is mainly 
achieved by action of the proximal limb segments (scapula: 42-43 % during all gaits, ‘pel¬ 
vic movement’: 42 % at gallop). For the first time, kinematics of the intervertebral thor¬ 
acic and lumbar joints were calculated from X-ray films. Additive sagittal spine move¬ 
ments occur in the caudad thoracic and lumbar intervertebral joints and contribute 
substantially to body propulsion. The analysed kinematic and metric parameters of T glis 
are common in mammals of small to medium size and seem to be independent of the 
taxonomic group of the animal. 
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Introduction 


Tupaia glis is a small squirrel-like mammal which lives in the tropical and subtropical rain 
forest of southeast Asia. Tupaiidae are often considered to be a sister group of Primates 
(Novacek 1992). The most recent common ancestor of primates and tupaias could have 
been similar to modern tree shrews as far as anatomy, life history, and locomotion are 
concerned. Therefore, Tupaia could be a “possible ‘model’ of a primitive primate or pla¬ 
cental mammal” (Jenkins 1974 a). This idea led to many studies on various aspects of tu- 
paiid biology, including the first cineradiographic investigations on therian locomotion 
(Jenkins 1971, 1974 a). Jenkins (1974 a) paid special attention to spinal movements and 
found the region of greatest sagittal mobility to be located between the four vertebrae 
Thll-Ll. No movements were observed in the lumbar spine. 

The observations of Jenkins (1971, 1974 a) were partly in contradiction to our studies 
on other therian mammals of the same or slightly larger size. We began a series of studies 
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that centered around the kinematics of taxonomically and morphologically very different 
small to medium sized mammals. (Fischer 1994; Kuhnapfel 1996; Fischer and Lehmann 
1998; Schmidt and Fischer 1999). A striking feature in the locomotion of all these mam¬ 
mals was the additive sagittal movement of the lumbar spine during in-phase gaits. 
Furthermore, body propulsion was mainly achieved by actions of proximal limb segments 
such as scapula movements. 

In this study, the kinematics of fore- and hindlimbs, as well as movements of the com¬ 
plete thoracic and lumbar vertebral column were quantitatively analysed in animals that 
ran on a treadmill. Kinematics describe the relative orientation of limb segments during a 
step cycle. It comprise the angular movements in their amplitude and effective contribu¬ 
tion to linear step parameters, joint and segment angles at the beginning and the end of 
stance and swing phase, as well as the intralimb coordination of joint movements. We dis¬ 
tinguish between the caudal or cranial rotations of limb segments (i. e., retro- and ante- 
version, respectively) and the movements of the joints proper. We describe the angles re¬ 
levant for propulsion in their projection onto the sagittal plane. The kinematics of the 
intervertebral thoracic and lumbar joints were calculated from X-ray films. 

We are especially intrigued about the locomotion of Tupaia because of its postulated 
similarity with, firstly, the most common recent ancestor of primates and, secondly, with 
that of all placental mammals. In this context the question arises as to whether the char¬ 
acteristics of tupaiid locomotion are strictly size related or show some traits that point to 
its supposed relationships with primates. We build upon the work of Jenkins, however, 
our own work on various other mammals showed that a more detailed approach is neces¬ 
sary to address these questions. 


Material and methods 

Experiments were performed on adult Tupaia glis. Only two animals (male 210 g, young female 151 g) 
could be trained by positive conditioning to move on a horizontal motordriven treadmill within a Per¬ 
spex® enclosure (100 cm x45 cmxll cm). Tread speed was not fixed, but held manually at a relative 
constant level during X-ray shots. Only cineradiography allows to track skeletal movements, particu¬ 
larly of the proximal segments, i. e. scapula, humerus, pelvic, and femur. The cineradiographic films 
were made in several sessions at the Institut fiir den wissenschaftlichen Film (IWF) at Gottingen. The 
X-ray system consists of an automatic Phillips® unit with one X-ray source image amplifier chain. 
Pulsed X-ray shots were applied (50 kV, 200 mA). Films were exposed at 150 frames/s. The animals 
were filmed in a lateral projection. They were placed as closely to the image amplifier as possible 
(10 cm) and at maximum distance from the X-ray source (1 m), in order to reduce optical distortions. 
The images were taken from the image amplifier using a Arritechno® R 35-150 camera. Fore- and 
hindlimbs were filmed separately because the animal was longer than the X-ray screen (20 cm). An 
orthogonal grid perpendicular to the projection plane provided reference points for motion analysis 
and correction of geometrical distortions. The animals were filmed synchronously with two video 
cameras (50 Hz) in lateral and dorsal views. X-ray films were copied to video tapes (VHS). 

In spite of several months of habituation, the tupaias did not perform all possible gaits. The ani¬ 
mals did not show bounds on the treadmill. Therefore, only the symmetrical gaits such as walk and 
trot, as well as gallop were studied. Out of the filmed sequences, for a frame-by-frame analysis only 
those runs with continuous motion of the animals were selected. The cineradiographic tapes were 
A-D converted with a video processing board (Screen Machine® I, Fast® Multimedia AG, Munich, 
Germany). We further processed the frames by using a software that was written for this specific pur¬ 
pose (‘Unimark’ by R. Voss). It allows to digitize interactively previously defined landmarks with a 
cursor function, to correct distortions automatically, to calculate angles and distances, and to correct 
easily erroneously digitized coordinates during analysis. Simple animation tools (stick finger function) 
of the software help to control data of complete sequences, e. g., to identify and correct confusion of 
left and right limbs. Skeletal landmarks were captured and their x-y coordinates saved for each frame. 
The coordinates were used to define vectors and to calculate angles between vectors. 
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Fig. 1 . Skeletal landmarks and calculated angles 


Angles were defined anatomically, except for the most proximal ones which were calculated 
against the horizontal plane. Angle values given in the study represent the projection of the actual an¬ 
gles onto the sagittal plane. The position of digitized landmarks and calculated angles in the parasagit¬ 
tal plane are illustrated in figure 1. Maximum and effective angular movement, timing of segment and 
limb joint movements and metric gait parameters were analysed. Horizontal and vertical distances, 
such as the heights of fulcra or step lengths, were measured in cartesian coordinates. 

The accuracy of digitization is affected by the contrast of the bones caused by different thickness 
of proximal and distal body parts. The applied radiation doses were a compromise between the opti¬ 
mal contrast of the proximal and of the distal limb parts. On the same image the most proximal parts 
are sometimes too dark and the autopodia are too light. The error of landmarks was tested by repeat¬ 
ing digitization of five different frames five times. Mean value and standard deviation were calculated 
for joint angles, segment angles and for x and y coordinates. The average of the standard deviations 
indicates the digitization error. We estimated digitization errors to be: 1° for elbow, knee and ankle, 
oints, 2° for shoulder and hip joints, 3° for wrist joint as well as 5° for metacarpo- and metatarso-pha- 
langeal joints. The digitization error for the most proximal elements (scapula, pelvis) is lower than 1°. 
Because of the high frequent undulation of digitization errors of the intervertebral joint movements, 
those data were analysed by Fourier transformation. 

There are different methods to calculate the contribution of movements of a particular limb seg¬ 
ment to stance propulsion. Fischer and Lehmann (1998) proposed a new approach (‘overlay meth¬ 
od’) for calculating the relative contribution of angular movements, to stance propulsion considering 
the displacement of fulcra of limb segments. 
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Calculations are based on mean values of typical gait sequences, of which stance and swing phases 
are set in the same duration using the method of linear interpolation (Fig. 5, 7) (for details see 
Fischer and Lehmann 1998). 


Definitions 


touch down: hard contact of foot at the beginning of stance, 
lift off: last moment of ground contact at the end of stance. 

sequence (one step): from the instance of one foot down to the next foot down of the same foot, in¬ 
cluding one stance and one swing phase, 
scene: film section including several successive sequences. 

stride length (s [m]): horizontal distance covered by the trunk or a limb during a one step cycle. It 
consists of stance length and swing length and is calculated for treadmill analyses by: 

_ S stance , 

S — - X t sw j n g -r S sw i n g 

^stance 

stance length (s stance [m]): horizontal distance between the point of foot down and that of lift off, it 
corresponds to the amount of trunk propulsion in unrestrained locomotion, 
swing length (s swing [m]): horizontal distance between the point of lift off and that of foot down, 
stride duration (t [s]): period of time from one foot down event to the subsequent foot down event of 
the same limb. 

stance duration (t stan ce [s]): time period between foot down and lift off of a limb, 
swing duration (t swing [s]): time period between lift off and foot down of a limb, 
duty factor (D [%]): ratio of stance time to stride duration, 
stride frequency (f [s -1 ]): 1 / stride duration. 

animal’s speed: has to be calculated for the case of treadmill running by: 


^stance ^ Sswing S s tance 
f s tan ce t swing + fswing 


effective angular movement [°]: difference between foot down angle and lift off angle. 

maximum angular movement (amplitude) [°]: difference between the maximal and minimal value of 

angle during the stance or swing phase, respectively. 


Results 

Metric gait parameters (Tab. 1) 

The definition of gaits according to Hildebrand (1976, 1977) is based on the behaviour 
of all four limbs during locomotion. For technical reasons we had to record fore- and 
hindlimbs separately. Therefore, we distinguish between symmetrical (walk, trot) and in- 
phase gaits (gallop, bound), the latter are defined by an extensive common ground con¬ 
tact interval and a common suspension period. We could hardly distinguish walk from 
trot, because transitions occurred from one step to another, so they were both included 
into the category ‘symmetrical’ gait. All observed in-phase gaits were gallops. The distal 
elements of the forelimbs were sometimes out of the X-ray screen and only proximal seg¬ 
ments could be analysed. Only 6 complete in-phase steps were available for calculating 
metric parameters. The gait pattern of the analysed cineradiographic scenes are illu¬ 
strated in Fig. 2. 

Forelimb sequences were registered at velocities between 0.54 m/s-1.56 m/s. Symme¬ 
trical gaits and in-phase gaits overlap in a range from 0.97 m/s-1.56 m/s. There is no corre¬ 
lation between gait and speed. Hindlimb sequences were recorded at velocities between 
0.71 m/s-2.06 m/s. A gap between symmetrical and in-phase gaits was observed at 1.00 m/ 
s-1.32 m/s. Only one step was filmed in this range, at 1.11 m/s. 
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Fig. 2 . Footfall pattern of the sequences analysed at different gaits. During in-phase gaits trailing and 
leading limbs (first and second touching ground) are distinguished. 

Stride duration diminishes with increasing speed in symmetrical gaits on fore- and 
hindlimbs (Fig. 3). Reduction of stride duration is caused by a decrease of stance and 
swing duration (forelimbs) or stance duration only (hindlimbs). Stance and swing dura¬ 
tion were hardly altered at gallop; the resulting stride duration being nearly constant. 
Speed and stance duration were not correlated on forelimb and on hindlimbs, only swing 
durations being slightly increased. All duty factors (D) at gallop are less than 50 % on 
both pairs of limbs. In symmetrical gaits all calculated values account to more than 50 %. 
With increasing velocity, duty factor decreases. 

Forelimb step length slightly decreases with increasing speed at symmetrical gaits 
caused by decreasing stance and swing lengths (Fig. 4). All limbs travelled longer dis- 
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Fig. 3 a. Temporal metric gait parameters a) forelimb, b) hindlimb 


tances during swing at symmetrical gaits. At gallop, we found a slight decrease in stance 
length and increase in swing length at higher speeds. On the hindlimb an increase of step 
length during all gaits is exclusively accounted for increased swing lengths. 

Tupaia gains higher speeds by increasing forelimb step frequency in symmetrical gaits. 
The insufficient data base for in-phase gaits renders it difficult to decide how higher 
speeds are attained; most probably by an increase of step length. On the hindlimb the an¬ 
imal takes up speed by an increase of swing length in symmetrical gaits and at gallop by 
longer steps including a suspension period. 

The horizontal distances between scapular fulcrum and finger tips (Tab. 2/a) and 
Porus acusticus externus and finger tips (Tab. 2/b) were calculated for analysing the re- 
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Fig. 3 b. 

duction of stance length. The latter can be reduced by earlier foot down, lift off or both. 
The place of foot down is nearly constant at all gaits. Analysed distances between scapu¬ 
lar fulcrum and finger tips did not correlate with animal speed or with scapular angle at 
foot down. However, the extension of the shoulder joint at foot down correlates with this 
distance during symmetrical gaits. In contrast the shoulder joint is not more extended 
with greater distances at gallop, but the place of lift off changes with different speeds and 
gaits. With higher speed, the position of finger tips at lift off is more craniad than at low¬ 
er speeds. Finally, at gallop the place of lift off lies anterior to the scapular fulcrum. 
Therefore, stance length is reduced by lift off. The place of foot down is always beneath 
the eye. 
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Fig. 4 a. Linear metric gait parameters a) forelimb, b) hindlimb 


Kinematics 


Forelimb (Fig. 5, Tab. 3) 

Scapular movements: The point of intersection of the Spina scapulae and Margo vertebra- 
lis is assumed to lie close to the scapular fulcrum. Retroversion of the scapula (syn. cau¬ 
dal rotation in Fischer 1994, or extension in the sense of Miller and van der Meche 
1975; English 1978; Boczek-Funcke et al. 1996) begins with an angle of the scapular 
spine to the horizontal line of 38° during symmetrical gaits and 45° at gallop. At lift off, 
this angle amounts to 92° at a walk and trot or 85° at gallop, but its maximal value (90°- 
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Fig. 4 b. 


95°) is already reached after 85 % of stance duration. Thus, anteversion sets on before 
foot up. The scapula follows the shape of the thorax during its cranial movement. As the 
latter becomes narrower anteriorly, the scapula also moves medially. We could not quanti¬ 
fy this movement because of the small size of the animal. The onset of retroversion is 
after 82 % of swing duration during symmetrical gaits or 74 % at gallop. The smaller am¬ 
plitude and effective angular movement at gallop is caused by lower cranial and caudal 
movements. Translation of the scapula in horizontal or vertical direction is small and lim¬ 
ited by the clavicula and could not be quantified. 








138 


Nadja Schilling and M. S. Fischer 


Table. 1. Mean values ± standard deviations (first line) and minimum - maximum (second line) of me¬ 
tric gait parameters. 



walk and trot 

gallop 



forelimb 

hindlimb 

forelimb 

hindlimb 

N 

25 

26 

6 

21 

s [m] 

0.21 ± 0.02 

0.20 ± 0.02 

0.19 ±0.04 

0.22 ± 0.04 


(0.16-0.24) 

(0.16-0.24) 

(0.13-0.24) 

(0.15-0.29) 

^stance [^] 

0.10 ±0.02 

0.11 ±0.01 

0.08 ±0.01 

0.09 ± 0.02 


(0.07-0.13) 

(0.10-0.13) 

(0.06-0.09) 

(0.06-0.13) 

Sswing [ui] 

0.11 ±0.02 

0.10 ±0.01 

0.09 ± 0.02 

0.10 ±0.03 

(0.07-0.13) 

(0.07-0.12) 

(0.07-0.13) 

(0.04-0.14) 

t [s] 

0.23 ± 0.06 

0.24 ±0.02 

0.16 ±0.02 

0.15 ±0.02 


(0.14-0.30) 

(0.19-0.26) 

(0.13-0.18) 

(0.11-0.17) 

tstance [$] 

0.12 ±0.04 

0.14 ± 0.01 

0.07 ±0.01 

0.06 ±0.01 


(0.06-0.16) 

(0.11-0.16) 

(0.06-0.08) 

(0.04-0.08) 

tswing [s] 

0.11 ±0.02 

0.10 ±0.01 

0.08 ±0.02 

0.09 ±0.01 

(0.07-0.14) 

(0.07-0.12) 

(0.05-0.11) 

(0.07-0.10) 

D [%] 

51 ± 5 

59 ±4 

47 ± 8 

42 ±4 


(43-57) 

(52-65) 

(39-62) 

(36-47) 


Table. 2. Mean values ± standard deviations of the distances between a) scapular fulcrum and finger 
tips and b) Porus acusticus externus and finger tips at foot down and lift off. 




N 

foot down 

a [mm] b [mm] 

a [mm] 

lift off 

b [mm] 

walk and 

0.79 m/s 

13 

69 ± 3 

24 ±3 

26 ±5 

96 ±4 

trot 

1.03 m/s 

7 

69 ±4 

24 ±4 

9±4 

71 ±4 


1.27 m/s 

8 

66 ±5 

21 ±5 

5 ± 5 

68 ±5 

gallop 

1.00 m/s 

4 

50 ± 8 

4 ± 8 

-7 ±5 

56 ±5 


~ 1 m/s 

4 

65 ± 8 

17 ± 8 

-4±4 

59 ±5 


1.18 m/s 

4 

72 ± 5 

25 ±25 

4 ± 4 

66 ± 8 


Shoulder joint: Maximal extension in the shoulder joint was observed after 91 % of 
swing duration during all gaits. The subsequent flexion begins before foot down, when 
the shoulder joint angle reaches 123° during symmetrical gaits and 131° at gallop. During 
symmetrical gaits, it lasts 55 % of stance period, then the following extension continues 
until very late stance. The angle at lift off is 80°. Lift off is initiated by flexion of the 
shoulder joint which ends after 37 % of the swing phase. The subsequent extension goes 
on until shortly before foot down. At gallop, we found a major difference in the scheme 
of shoulder movement. During the whole stance phase the joint is continuously flexed. 
The maximum angle occurs at its beginning but the minimum angle (56°) is assumed only 
at 26 % of the swing phase. So, the extension observed in the second half of stance during 
symmetrical gaits is lacking at gallop. 

Humerus: The humerus has an almost vertical position at foot down (85° at symmetri¬ 
cal gaits and 87° at gallop). During symmetrical gaits, the humerus moves during the sub¬ 
sequent retroversion always over and above its horizontal orientation up to a minimal an¬ 
gle (-19°) after 79% of stance duration. Until lift off, it is lowered by synchronous 
extensions in the shoulder and elbow joints (-12°), but immediately afterwards the angle 
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increases to -22°. Humerus anteversion begins on average after 26 % of the swing phase. 
The retroversion sets on before foot down with a minimum angle of 99°. In contrast to 
symmetrical gaits, the humerus is retroverted at gallop during the whole stance phase un¬ 
til 11 % of swing duration to up to -17°. The lift off position is at -13°. 

Elbow joint: The elbow joint is flexed starting from a nearly right angle at foot down 
in the first part of stance (36 % of stance duration at symmetrical gaits, 49 % at gallop). 
The subsequent extension reaches its maximum (124° at symmetrical gaits, 91° at gallop) 
at lift off (54 % of steps) or slightly earlier. Flexion reaches its minimum angle of 30°-40° 
early in swing (38 % of swing duration) at gallop or at midswing (54 %) during symmetri¬ 
cal gaits. The maximum angle (120°-128°) is found shortly before foot down (93 % of 
swing duration). The elbow joint angle at foot up is 30° greater at gallop than during sym¬ 
metrical gaits and flexion is stronger at foot down during symmetrical gaits. Effective and 
maximum angular movements at gallop are smaller than during symmetrical gaits. 

Lower arm : The lower arm is orientated horizontally at foot down in 78 % of the ob¬ 
servations during all gaits. This minimum angle is achieved after 72 % of swing duration. 
The averaged angles at foot down are 8° during symmetrical gaits and 18° at gallop. Sub¬ 
sequently, retroversion occurs until the end of the stance phase. Angles at lift off are 138° 
during walk and trot or 105° at gallop. Maximum and effective angular movement are si¬ 
milar during all gaits. 

Hand: The hand is placed in a semidigitigrade position, then lowered so that the 
whole palm is on the ground during all gaits. At midstance, initiated by palmar flexion in 
the wrist joint, the hand parts are successively lifted off the ground until finally only the 
tip of the hand maintains ground contact. In the wrist joint, palmar flexion also begins be¬ 
fore foot down after 79 % of swing duration, at an angle of 187° during all gaits. Touch 
down angles amount to 176° during symmetrical gaits and 183° at gallop. During the first 
half of the stance phase the wrist joint is dorsally flexed up to a maximum of 238° during 
symmetrical gaits and 223° at gallop. Palmar flexion begins at midstance. After lift off at 
an angle of 154° during symmetrical gaits or 149° at gallop, palmar flexion continues stea¬ 
dily into the first third of the swing phase (minimum angle of 98° and 107°). No move¬ 
ments occur in the joint between carpus and metacarpus, therefore we regard both ele¬ 
ments acting as one segment (hand) during locomotion. Its angle at touch down is 
between 11°-18° during all gaits. A minimum angle of -5° is reached after 77 % of the 
swing phase. The maximum angle of 171° is reached after 10 % of swing duration. Maxi¬ 
mum angle and angle at lift off (270°-290°) in the metacarpo-phalangeal joint were iden¬ 
tical in 97 % during all gaits. Minimal angle occurs during swing (109 o -134°) after 46 % of 
swing duration at all gaits. Angles at foot down are 206°-222°. Values of the proximal in- 
terphalangeal joint scatter largely and are not presented in the tables. During the stance 
phase, only minor movements are observed. The angle at foot down is about 115° and 
about 140° at lift off in more than half of the values. 

Hindlimb (Fig. 7, Tab. 4): On the hindlimb we distinguish trailing and leading limbs 
during in-phase gaits. Despite our relatively small sample, we were able to characterize 
different limb behaviours. The difference at foot down and lift off between both limbs is 
up to 28 ms (N = 21) at an averaged step duration of 150 ms. 

Spine movements (Fig. 6): Any small additive vertebral spine movements will result in 
a displacement of the pelvis because of its immobility in the iliosacral joint. Despite this 
fact, we call the coupled displacements of pelvis ‘pelvic movement’ for the sake of simpli¬ 
city. The angle between pelvis and sacral vertebrae remains constant at 21° during loco¬ 
motion. During symmetrical gaits, angles in the intervertebral joints from Th3 to L5 are 
between 170° and 180° (N = 5) (Fig. 6) during step. Consequently, ‘pelvic movements’ are 
only very small; the difference between the angle at foot down and lift off is only 4°. But 
at walk and trot two additional ‘pelvic movements’ were observed. First, a rotation about 
the dorsoventral axis is discernible, caused by the lateral additive intervertebral joint 
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forelimb 


a) walk and trot 

angle [°] 



-scapula -- elbow joint -metacarpo-phalangeal joint 

— shoulder joint-wrist joint . prox. interphalangeal joint 


b) gallop 

angle [°] 



Fig. 5. Scheme of angular movements of forelimb joints a) during symmetrical gaits and b) at gallop 
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Table. 3. Mean values ± standard deviations of angles at foot down, lift off, minima and maxima in the 
stance and swing phase of the forelimb (if standard deviation is missing only one value was available). 


forelimb 

v [m/s] 

N 

0.79 

13 


walk and trot 
1.03 

7 

1.27 

8 

-1 

4 


gallop 

1.00 

4 

1.18 

4 

scapula 

down 

35 

± 

3 

41 

± 

4 

39 

± 

6 

41 ± 

5 

46 ± 

2 

48 

± 

9 


lift off 

95 

± 

5 

89 

± 

5 

90 

± 

6 

86 ± 

10 

86 ± 

1 

84 

± 

14 

stance 

min 

34 

± 

3 

39 

± 

4 

38 

± 

5 

39 ± 

5 

43 ± 

6 

93 

± 

11 


max 

97 

± 

5 

94 

± 

2 

94 

± 

4 

90 ± 

6 

88 ± 

2 

48 

± 

9 

swing 

min 

32 

± 

3 

39 

± 

3 

36 

± 

4 

34 ± 

6 

37 ± 

6 

39 

± 

5 


max 

95 

± 

5 

92 

± 

3 

90 

± 

6 

81 ± 

6 

85 ± 

4 

82 

± 

15 

shoulder 

down 

124 

± 

7 

125 

± 

13 

120 

± 

12 

118 ± 

12 

140 ± 

9 

136 

± 

13 

joint 

lift off 

89 

± 

6 

74 

± 

8 

72 

± 

11 

67 ± 

7 

76 ± 

5 

73 

± 

8 

stance 

min 

67 

± 

4 

56 

± 

5 

60 

± 

12 

67 ± 

7 

74 ± 

3 

73 

± 

8 


max 

124 

± 

7 

122 

± 

15 

120 

+ 

12 

118 ± 

12 

140 ± 

9 

136 

± 

13 

swing 

min 

59 

± 

2 

56 

± 

6 

48 

± 

6 

58 ± 

4 

53 ± 

13 

57 

± 

7 


max 

138 

± 

6 

14 

± 

26 

134 

± 

10 

150 ± 

6 

149 ± 

17 

144 

± 

15 

humerus 

down 

89 

± 

7 

83 

± 

10 

81 

± 

12 

77 ± 

17 

93 ± 

9 

88 

± 

13 


lift off 

-6 

± 

3 

-15 

± 

4 

-18 

± 

7 

-19 ± 

10 

-10 ± 

6 

-11 

± 

6 

stance 

min 

-16 

± 

3 

-19 

± 

4 

-23 

± 

4 

-19 ± 

10 

-10 ± 

5 

-13 

± 

4 


max 

89 

± 

7 

83 

± 

10 

84 

± 

14 

77 ± 

17 

93 ± 

9 

88 

± 

13 

swing 

min 

-18 

± 

3 

-23 

± 

1 

-28 

± 

3 

-23 ± 

6 

-14 ± 

11 

-15 

± 

7 


max 

102 

± 

6 

100 

± 

5 

95 

± 

8 

110 ± 

2 

104 ± 

16 

99 

± 

8 

elbow joint 

down 

89 

± 

9 

92 

± 

10 

90 

± 

12 

95 ± 

14 

113 ± 

13 

109 

± 

11 


lift off 

139 

±; 

L0 

116 

± 

10 

108 

± 

23 

83 ± 

20 

93 ± 

5 

98 

± 

12 

stance 

min 

60 

± 

3 

58 

± 

5 

59 

± 

4 

62 ± 

9 

72 ± 

4 

72 

+ 

3 


max 

144 

± 

5 

118 

± 

9 

113 

± 

22 

102 ± 

11 

114 ± 

11 

113 

± 

8 

swing 

min 

36 

± 

4 

27 

± 

5 

31 

± 

3 

40 ± 

4 

47 ± 

14 

42 

± 

10 


max 

141 

± 

8 

119 

± 

6 

117 

± 

16 

123 ± 

9 

123 ± 

24 

114 

± 

12 

lower arm 

down 

6 

± 

4 

9 

± 

3 

9 

± 

6 

18 ± 

8 

20 ± 

7 

21 

± 

4 


lift off 

150 

± 

4 

131 

± 

7 

126 

+ 

17 

101 ± 

12 

103 ± 

6 

110 

± 

16 

stance 

min 

6 

± 

4 

9 

± 

3 

9 

± 

6 

17 ± 

8 

20 ± 

7 

20 

± 

5 


max 

151 

± 

4 

133 

± 

8 

129 

± 

16 

103 ± 

11 

103 ± 

6 

113 

± 

12 

swing 

min 

-3 

± 

4 

-3 

± 

3 

-4 

± 

3 

-6 ± 

5 

4 ± 

4 

2 

± 

2 


max 

150 

± 

4 

133 

± 

6 

124 

± 

17 

101 ± 

12 

104 ± 

7 

110 

± 

16 

wrist joint 

down 

178 

± 

4 

172 

± 

6 

176 

± 

5 

188 ± 

2 

188 ± 

9 

184 

± 

3 


lift off 

146 

±30 

158 

± 

14 

164 

± 

22 

153 ± 

14 

157 ± 

15 

137 

± 

18 

stance 

min 

143 

±29 

157 

± 

14 

162 

± 

18 

226 ± 

5 

163 ± 

10 

137 

± 

18 


max 

248 

± 

5 

227 

± 

12 

233 

± 

5 

153 ± 

14 

222 ± 

3 

223 

± 

3 

swing 

min 

85 

± 

7 

107 

± 

15 

111 

± 

9 

95 


114 ± 

7 

111 

± 

7 


max 

183 

± 

3 

191 

± 

6 

191 

± 

5 

184 

191 ± 

1 

188 

± 

3 

carpus+ 

down 

11 

± 

3 

18 

± 

3 

14 

± 

3 

15 ± 

1 

15 ± 

6 

17 

± 

3 

metacarpus 

lift off 

170 

±; 

L7 

153 

± 

12 

141 

± 

14 

128 ± 

4 

126 ± 

12 

152 

± 

5 

stance 

min 

1 

± 

4 

7 

± 

2 

7 

± 

7 

1± 

1 

12 ± 

2 

10 

± 

3 


max 

170 

±; 

L7 

153 

± 

12 

141 

± 

14 

128 ± 

4 

126 ± 

12 

152 

± 

5 

swing 

min 

0 

± 

3 

-9 

± 

8 

-8 

± 

4 

- 


—6 ± 

7 

-1 

± 

3 


max 

197 

± 

7 

172 

± 

6 

178 

± 

13 

- 


149 ± 

18 

161 

± 

8 

metacarpo¬ 

down 

206 

±; 

L0 

222 

± 

4 

219 

± 

10 

221 ± 

2 

220 ± 

16 

222 

± 

9 

phalangeal j. 

lift off 

280 

±24 

286 

± 

15 

289 

± 

11 

281 ± 

21 

277 ± 

11 

273 

± 

13 

stance 

min 

196 

± 

6 

210 

± 

4 

210 

± 

5 

208 ± 

6 

212 ± 

3 

211 

± 

5 


max 

326 

± 

6 

304 

± 

9 

293 

± 

6 

289 ± 

1 

284 ± 

9 

298 

± 

17 

swing 

min 

109 

± 

9 

124 

± 

9 

134 

± 

16 

112 

132 

132 

± 

15 


max 

280 

±25 

289 

± 

14 

288 

± 

11 

241 

244 

233 

± 

25 
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movements (‘lateral bending’, Jenkins and Camazine 1977). It was estimated using the 
horizontal distance (x-coordinates) between hip joints in lateral projection. This horizon¬ 
tal distance between hip joints reaches an averaged maximum of 3 mm when foot down 



gallop 

Y [mm] 



b) 


angle [°] 



Fig. 6. Sagittal spine movements, a) height of vertebrae over the ground during symmetrical gaits and 
at gallop; additive sagittal spine movements and resulting ‘pelvic movement’ at foot down and lift off 
(for the left foot during symmetrical gaits and for the trailing limb at gallop); b) amplitudes of interver¬ 
tebral lumbar spine bendings and resulting ‘pelvic movements’ 
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takes place on one limb and foot up on the other limb. It corresponds to an angle of ap¬ 
proximately 8° of rotation about the dorsoventral axis, with a range of 5-13° during all se¬ 
quences. The second ‘pelvic movement’ is a rotation about the longitudinal axis (‘tilting’, 
Jenkins and Camazine 1977). It was calculated from the vertical distance (y-coordinates) 
between both hip joints with up to 5°. At gallop, extensive sagittal ‘pelvic movements’ oc¬ 
cur. Pelvic retroversion begins after 91 % (trailing limb) or 79 % of leading limb swing 
duration. It continues into early swing phase before anteversion sets on at 22 % of trail¬ 
ing or leading limbs swing phase. Different individuals seem to have different amplitudes 
at similar speeds (39° at v = 1.48 m/s, 28° at v = 1.59 m/s) resulting from different angles 
at foot down (Tab. 4). The cranial angle between the longitudinal axis of the pelvis and 
the horizontal line (Fig. 1) is up to 12° less in the trailing limb than in the leading limb at 
foot down. At foot up this difference is 7°-13°. Maximum amplitudes of trailing and lead¬ 
ing limbs are similar at different speeds. Sagittal spine movements are localised in the 
posterior thoracic and lumbar spine (Thll-L6). The angles for the lumbar intervertebral 
joints are illustrated in figure 6. Intervertebral movements increase caudad: L1-L4: 8°-9°, 
L5: 13°, L6: 26°. The total excursion of the pelvis is less than the sum of the angles of the 
single intervertebral joints because the respective angular maximum is achieved succes¬ 
sively (43°, N = 5). The propagation wave of the extension starts in the thoracic region 
and runs caudally. Vertebral flexions begin in the caudal thoracic region followed by the 
lumbar region. The maximum extension in all vertebral joints is found at lift off or 
shortly thereafter. Anteversion also starts with flexion in the caudal thoracic interverte¬ 
bral joints. 

Hip joint: Hip, knee and ankle joint kinematics are strikingly different during symme¬ 
trical gaits and gallop, the amplitude generally being lower at gallop. The amplitude of 
the hip joint angle during walk and trot is 110°, but at gallop it is less than 70° (Tab. 4). 
As step length is more or less the same, the reduced angular movements have to be com¬ 
pensated ‘pelvic movements’. The higher amplitude during symmetrical gaits is caused by 
a stronger extension at lift off (141°, as compared to 110° in trailing and 106° in leading 
limb), and a stronger flexion at foot down (35° at walk and trot, 38° in leading limb and 
110° in trailing limb). The hip joint is continuously extended during stance. Flexion of hip 
joint lasts for more than 80 % of swing duration, reaching minimum angles of 28° (walk 
and trot) or 32° (gallop). The angles at foot down in the trailing limb are greater than in 
the leading limb. Effective angular movements at gallop are half of the movements that 
may be observed during symmetrical gaits. 

Femur: Hip joint movements, and in the case of gallop also sagittal ‘pelvic move¬ 
ments’, lead to gait-dependent rotations of the femur. Femur retroversion begins after 
90 % of swing duration in symmetrical gaits with a minimal angle of 9° below the hori¬ 
zontal line and reaches an angle of 16° at foot down. At gallop (v = 1.48 m/s), the timing 
of the retroversion is similar but the trailing limb femur is kept almost horizontally and 
one of the leading limbs is even up to 14° above the horizontal line. In the other gallop 
scene (v = 1.59 m/s) both femora do not reach a horizontal position, because the pelvis is 
less anteriorly displaced (see above). Retroversion ends shortly before or at lift off. Aver¬ 
aged angles at lift off are about 20° higher during symmetrical gaits than at gallop. In the 
latter, retroversion of the segment continues mostly into early swing phase (about 12 % 
of swing duration). 

Knee joint: The amplitude in the knee joint is 72° during symmetrical gaits but only 
48° at gallop. While foot down angles are quite similar (Tab. 4), angles at lift off are mark¬ 
edly (by about 30°) smaller at gallop than during symmetrical gaits (124°). Minimal an¬ 
gles (55°) were noticed after the first part of stance during all gaits, when the ankle joint 
passes beneath the hip joint. Flexion lasts up to 43 % of the trailing limb’s stance dura¬ 
tion or 40 % of stance phase of the leading limb and for 27 % of the stance phase during 
symmetrical gaits. During symmetrical gaits, extension is finished in 30 % of steps at lift 
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off, in 10 % one frame (1/150 s) later and in 60 % one frame earlier. At gallop, it coin¬ 
cides with lift off. After 62 % of swing phase a minimal angle of 42° is observed during 
symmetrical gaits. It is followed by a brief extension until, finally, flexion begins before 
foot down. Minimal angles (30°-40°) occur at midstance at gallop. 

Tibia /Fibula: The angle of the longitudinal axis of the shank to the horizontal line is 
49° at foot down during symmetrical gaits. The lower leg is then retroverted to a mini¬ 
mum angle of -11° after 63 % of stance phase. Until lift off it returns to a horizontal posi¬ 
tion (-1°). A minimal angle of -18° after 36 % of swing duration is notized. Anteversion 
is terminated shortly before foot down (60° after 89% of swing duration). At gallop, 
minimum angles are found after 82 % of stance duration in the trailing limb and 76 % in 
the leading limb. Angles at lift off are smaller in the trailing limb than in the leading 
limb. Retroversion begins always before foot down in both limbs after 87-88 % of swing 
duration. The shank is never found in a vertical but always in caudal orientations. 

Ankle joint (talocrural joint): Maximum amplitude at gallop is about 30° lower than 
that at walk or trot (Tab. 4), although angles at foot down are larger (71° as compared to 
58°) during symmetrical gaits. At lift off the ankle joint is >35° more extended during 
symmetrical gaits than at gallop. Initial dorsal flexion is observed at 17 % of the stance 
phase during these gaits, but significantly later in the trailing limb (38 %) or leading limb 
(40%). The succeeding plantar flexion ends slightly before lift off (14% of steps), at lift 
off (38%), or, in 48% of observations, after 8% of the swing phase at walk and trot. 
Plantar flexion of the trailing limb lasts in all sequences into the swing phase, that of the 
leading limb only in two thirds of steps. In the other cases, plantar flexion of the leading 
limb ends at lift off. The subsequent dorsal flexion continues for two thirds of the swing 
phase during all gaits. After a short plantar flexion the dorsal flexion begins, which lasts 
until stance phase. 

Foot: Six steps were analysed to estimate movements between tarsus and metatarsus. 
Movements in the tarso-metatarsal joint are found at foot down and immediately after¬ 
wards with a dorsal flexion of about 15°. During the remainder of the step we observed 
an angle of nearly 180° in this joint. Therefore, tarsus and metatarsus were regarded as 
one segment. Its retroversion begins always just before foot down during walk and trot. 
After foot down (9°), the retroversion lasts until the end of stance (34 % of steps) or into 
the swing phase (66 % of observations). Angles at lift off reach 138°. Angles at lift off 
were smaller at gallop than at walk or trot as a consequence of smaller angles in the talo¬ 
crural joint. Anteversion ends considerably later than dorsal flexion in the ankle joint at 
about 85 % of swing. 

Metatarso-phalangeal joint: After foot down at an angle of 217°, the joint is dorsally 
flexed to a maximum of 312° after 74 % of stance duration during symmetrical gaits. An¬ 
gles at lift off are widely scattered; the averaged angle is 250°. Plantar flexion during 
swing phase reaches a minimum angle of 156° after one-third of swing duration in 34 % 
of the steps, or after two-thirds of swing in 66 % of the steps. The subsequent dorsal flex¬ 
ion continues into the stance phase. Joint angles and timing at walk and trot are compar¬ 
able with those at gallop. In the latter, minimum angles occur earlier (trailing limb after 
38%, and leading limb after 26% of swing) during the swing phase, and maximum and 
effective angular movements are smaller. As in the forelimb, the angles of the proximal 
interphalangeal joint are scattered and not presented in a table. For example, the maxi¬ 
mum angle during stance phase is observed in 40 % of observations (N = 26) in the first 
half, in 20 % in the second half of stance, and in 40 % at lift off. The angle at foot down is 
approximately 110° at walk or trot and about 130° at lift off. The maximum angle is after 
lift off (average 173°). The leading limb has greater effective angular movements and am¬ 
plitudes than the trailing limb. Angles of the metatarso-phalangeal joint at foot down and 
lift off are smaller at gallop than at walk and trot (trailing limb: foot down 110°, lift off 
112°; leading limb: foot down 105°, lift off: 112°). 
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Intralimb coordination (Fig. 8): Foot down is initiated by palmar flexion of the wrist, 
followed by scapula retroversion. Just after 90 % of swing duration synchronous flexions 
in shoulder and elbow joint begin. Coincident with foot down, dorsal flexion during the 
stance phase starts in the wrist joint. In the first third of stance extension of the elbow 
joint and at midstance of the shoulder joint follows. Lift off is introduced by wrist joint 


hindlimb 


a) walk and trot 

angle [°] 



- pelvis .knee joint -metatarso-phalangeal joint 

—— hip joint -ankle joint . prox. interphalangeal joint 


angle [°] 


b) gallop 



Fig. 7. Scheme of angular movements of hindlimb joints a) during symmetrical gaits and b) at gallop 
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Table. 4. Mean values ± standard deviations of angles at foot down, lift off, minima and maxima in the 
stance and swing phase of the hindlimb (if standard deviation is missing only one value was avail¬ 
able). 


hindlimb 

v [m/sj 
N 

0.79 

11 


walk and trot 
0.80 

10 

0.94 

5 


gallop 

1.48 

9 9 1 

trailing leading trailing 

1.59 

2 

leading 

pelvis 

down 

164 ± 

4 

1591 

7 

1591 

2 

1321 7 

1371 8 

143 

154 ± 6 


lift off 

167 ± 

4 

1631 

6 

1631 

5 

1701 5 

1771 5 

169 

182 ± 4 

stance 

min 

161 ± 

3 

1531 

4 

1571 

1 

1311 6 

1371 8 

143 

154 ± 6 


max 

171 ± 

3 

1691 

4 

1661 

4 

1701 5 

1781 5 

169 

182 ± 5 

swing 

min 

161 ± 

3 

1541 

4 

1571 

2 

1311 7 

1301 6 

143 

143 


max 

171 ± 

3 

1681 

6 

1641 

4 

1821 3 

1821 4 

182 

182 

hip joint 

down 

34 ± 

4 

341 

5 

421 

5 

491 6 

391 5 

55 

37 ± 4 


lift off 

145 ± 

5 

1351 

8 

143 110 

113113 

1121 8 

106 

100 ±18 

stance 

min 

33 + 

4 

331 

5 

421 

5 

481 6 

391 5 

55 

37 ± 5 


max 

149 ± 

4 

1391 

8 

1471 

7 

113113 

1121 8 

106 

100 ± 18 

swing 

min 

25 ± 

3 

281 

4 

351 

3 

321 5 

331 3 

29 

33 


max 

146 ± 

5 

1351 

8 

1451 

9 

115114 

1181 8 

115 

101 

femur 

down 

17 ± 5 

131 

7 

211 

5 

1110 

-4111 

18 

11 ± 6 


lift off 

132 ± 

7 

1181 

9 

1261 

9 

103 116 

109110 

95 

108 ±22 

stance 

min 

17 ± 

5 

131 

7 

211 

5 

111 0 

-4111 

18 

11 ± 6 


max 

134 ± 

5 

1201 

6 

1281 

6 

103 116 

109110 

95 

108 ±22 

swing 

min 

9 + 

3 

61 

4 

141 

4 

-6110 

-141 7 

5 

4 ± 1 


max 

132 ± 

7 

1181 

9 

126110 

111114 

1161 9 

109 

113 ±14 

knee joint 

down 

62 ± 

4 

641 

4 

701 

6 

581 7 

74133 

71 

75 ±11 


lift off 

133111 

112113 

127114 

91115 

87120 

88 

108 ±24 

stance 

min 

541 

5 

541 

7 

581 

4 

451 9 

45111 

55 

60 ±11 


max 

1361 

9 

115110 

130112 

92113 

104115 

90 

110 ±21 

swing 

min 

421 

6 

391 

5 

471 

7 

371 4 

321 3 

41 

41 ± 9 


max 

133112 

112113 

129115 

98114 

112113 

105 

110 ±27 

shank 

down 

451 

7 

521 

5 

491 

7 

571 8 

61111 

55 

64 ±12 


lift off 

11 

5 

-51 

6 

11 

7 

-121 6 

-51 7 

-6 

0 ± 9 

stance 

min 

-111 

4 

-121 

6 

-71 

3 

-151 7 

-101 7 

-6 

-6 ±12 


max 

451 

7 

521 

5 

491 

7 

571 8 

61111 

55 

64 ±12 

swing 

min 

-161 

3 

-211 

8 

-141 

5 

-331 5 

-281 7 

-39 

-29 ± 9 


max 

56 1 

4 

641 

6 

611 

3 

711 7 

751 7 

68 

81 ± 7 

ankle joint 

down 

561 

6 

571 

6 

611 

7 

681 5 

71110 

73 

73 ±12 


lift off 

1391 

9 

132113 

1401 

7 

95114 

110121 

100 

108 ±28 

stance 

min 

491 

5 

481 

4 

541 

6 

541 6 

551 9 

65 

59 ± 4 


max 

1401 

8 

130114 

1411 

6 

96111 

110121 

100 

110 ±25 

swing 

min 

421 

6 

421 

7 

491 

4 

381 4 

451 5 

49 

48 ±18 


max 

1421 

7 

134113 

1411 

7 

110118 

128116 

107 

116 ±28 

tarsus+ 

down 

121 

3 

51 

3 

121 

2 

111 4 

101 6 

18 

9 ± 8 

metatarsu 

lift off 

1381 

6 

1381 8 

1381 

4 

108117 

116116 

99 

109 ±24 

stance 

min 

121 

3 

51 

3 

121 

2 

111 5 

111 6 

17 

9 ± 8 


max 

1381 

6 

1381 

8 

1391 

4 

108117 

116116 

99 

109 ±24 

swing 

min 

61 

3 

11 

3 

91 

3 

-51 5 

-81 6 

10 

-4 ± 9 


max 

1431 5 

1411 

8 

1401 

5 

125116 

134112 

133 

121 ± 7 

metatarso 

down 

223 110 

2141 

5 

2121 

5 

2231 9 

220110 

227 

202 ±20 

phalang. j. 

lift off 

262125 

2701 

9 

219130 

275 112 

2731 7 

306 

243 ± 20 

stance 

min 

2201 

2 

209115 

203 114 

219111 

218113 

227 

202 ±19 


max 

3111 

7 

3121 

3 

3171 

5 

2851 9 

2891 7 

306 

279 ± 3 

swing 

min 

155 110 

158111 

156110 

154111 

1561 7 

161 

152 ± 6 


max 

262122 

276 117 

236117 

277111 

2721 7 

306 

221 ± 2 
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palmar flexion starting already at midstance, followed by scapula anteversion. Flexion in 
the shoulder and elbow joints coincide with lift off. Extension of the shoulder, elbow and 
wrist joints begin in the second third of swing phase. Only the shoulder joint shows a 
strikingly different pattern with gait change. While two flexions and extensions per step 
were determined during symmetrical gaits, we observed only one flexion and extension 
per step at gallop. Monophasic extension in the hip joint, flexion of the knee and ankle 
joints are synchronous and immediately preceding foot down during symmetrical gaits. 
Additionally, sagittal extensions of the vertebral spine occur at gallop shortly before foot 
down. Extensions in the knee and ankle joints begin in the first third of stance. Lift off is 
initiated by a monophasic flexion in the metatarso-phalangeal joint, followed by flexions 
of the hip and knee joints. The ankle joint flexes dorsally only after lift off. At gallop, the 
actions of the hip and knee joints are delayed, and start simultaneously with those of the 
ankle joint after foot up. The onset of anteversion of the pelvis is in the first third of 
swing phase. The extension in the metatarso-phalangeal joint precedes that of the knee, 
ankle, and hip joints. With change from walk and trot to gallop shorter flexions in hip and 
knee joints can be observed. 

Body propulsion: The contribution of a limb segment to body propulsion depends on 
the height of its fulcrum and its effective angular movements. Therefore, the scapula is 
the main propulsive element in the forelimb during all gaits (42^43 %). For the humerus 
and the ulna a difference between symmetrical and in-phase gaits occurs. While the hu¬ 
merus contributes only up to 17 % of stance length, it contributes up to 45 % to propul¬ 
sion at gallop. In contrast, the ulna contributes to propulsion only 3 % at gallop and 32 % 
at walk and trot. The hand adds 9-10 % of propulsion during all gaits. The contribution 
of the additive sagittal spine movements to the body propulsion are different between 
symmetrical and in-phase gaits. At gallop, it amounts to 42 % but at walk and trot only 
2 %. Femoral movements account 49 % for propulsion at gallop and 82 % during symme¬ 
trical gaits. During all gaits, the shank caused a loss of propulsion (symmetrical gaits: 
-21 %, gallop: -11 %). The contribution of the whole foot was calculated to be 36 % dur¬ 
ing symmetrical gaits and 21 % at gallop. 


a) forelimb 


b) hindlimb 


stance swing stance 


foot down lift off foot down lift off 


stance swing stance 


scapula 

_ pelvis 

shoulder 

joint 

-— hip joint 

elbow 

knee joint 

joint 

■ ■■ ■ ■■■■• ■■■■ 

wrist joint 

ankle joint 

«■■■ ■■■■• ■ ■ ■ ■i 

metacarpo¬ 

metatarso- 

phalangeal 

__ _■ phalangeal 

joint 

--— joint 


foot down liftoff foot down liftoff 


walk and trot 


walk and trot 


— gallop 


—- gallop (trailing limb) 
gallop (leading limb) 


Fig. 8. Intralimb coordination of a) forelimb and b) hindlimb 
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Heights of the fulcra (Tab. 5): During symmetrical gaits, the most proximal fulcrum on 
the forelimb (scapular fulcrum) is lower than the hip joint. At gallop, both fulcra are 
higher than at walk and trot. The scapular fulcrum is situated 43 mm above the ground 
during symmetrical gaits or 49 mm at gallop: At foot down, the shoulder joint is 32 mm 
above ground (walk and trot), or 36 mm (gallop). It is lowered down until lift off by 
11 mm during symmetrical gaits and 4 mm at gallop. Vertical movement of the elbow 
joint is higher at gallop (22 mm) than at symmetrical gaits (11 mm). Within a gait, no cor¬ 
relation between those heights and speed are found on the forelimb, whereas on the hind- 
limb, during symmetrical gaits, the height of the pelvis increases with higher speeds (by 
2 mm-4 mm). During symmetrical gaits, constant vertical distances of pelvic and hip joint 
landmarks above the ground are observed. At gallop, the positions of these points change 
as a consequence of sagittal spine movements. They are lowered at foot down and rise at 
lift off. At lift off during walk and trot, the height of the knee joint increases with higher 
speeds (up to 6 mm) as a consequence of greater extension in the joint. 


Table. 5. Heights of fulcra of fore- and hindlimb [mm]. 


forelimb 
v [m/s] 

N 


0.79 

14 

walk and trot 
1.03 

8 

1.27 

9 

1.00 

5 

gallop 
= 1 

6 

1.18 

6 

scapular spine 

foot down 

44 ± 2 

41 ±3 

43 ±2 

51 ± 5 

47 ± 4 

49 ± 5 


lift off 

41 ±2 

41 + 3 

44 ± 2 

51 ±3 

48 + 6 

49 ± 5 

shoulder joint 

foot down 

33 ±1 

29 ± 1 

31 ±1 

37 ±5 

35 ± 4 

37 ±4 


lift off 

18 + 2 

25 ± 3 

23 ±3 

33 ± 4 

30 ± 4 

32 ± 5 

elbow joint 

foot down 

6 ± 1 

7 ±2 

6 ± 2 

12 ±3 

11 ± 2 

12 + 2 


lift off 

22 ± 1 

31 ±3 

31 ±5 

38 ± 1 

38 ± 3 

36 ± 2 

wrist joint 

foot down 

2 ± 0 

4 + 0 

3 ± 0 

4 ± 1 

5 ±2 

4 ± 1 


liftoff 

8 ±2 

11 ± 1 

12 ±1 

12 ± 2 

13 ± 2 

13 ±1 

metacarpo¬ 

foot down 

1 ± 0 

2 ± 0 

2± 0 

2± 1 

1 ± 0 

2 ± 0 

phalangeal joint 

lift off 

8 ± 2 

7 ± 1 

6 ± 2 

5 ± 2 

6 ± 2 

8 ± 1 

proximal 

foot down 

2 ± 1 

3 ± 0 

4 ± 0 

3 ± 1 

3 ± 0 

4 ± 0 

interphalangeal 

joint 

lift off 

4 ± 1 

4 ± 1 

4 ± 1 

3 ± 1 

4 ± 1 

4 ± 1 


hindlimb 
v [m/s] 

N 


0.8 

13 

walk and trot 
0.8 

13 

0.97 

7 

1.48 

22 

gallop 

1.59 

6 

Tuber coxae 

foot down 

53 ± 2 

52 ± 1 

57 ±3 

57 ± 5 

58 ± 3 


lift off 

53 ±2 

52 ±2 

56 ± 3 

56 ± 4 

55 ±4 

Tuber 

foot down 

45 ±3 

46 ± 2 

48 ± 3 

35 ±7 

45 ± 4 

ischiadicum 

lift off 

46 ± 3 

46 + 2 

48 ±3 

53 ± 5 

50 ± 4 

hip joint 

foot down 

47 ±2 

47 ±1 

51 ±3 

42 ±5 

48 + 3 


lift off 

47 ±2 

47 ±1 

51 ±2 

51 ±8 

52 ± 5 

knee joint 

foot down 

38 ± 3 

36 ±3 

37 ± 3 

43 ± 4 

40 ±3 


lift off 

19 ± 3 

23 ± 3 

25 ±4 

21 ± 4 

23 ±6 

ankle joint 

foot down 

4± 1 

5 ± 1 

6 ± 1 

5 ± 2 

7 ± 2 


lift off 

23 ± 4 

22 ± 2 

24 ±3 

28 ± 4 

25 ±2 

metatarso¬ 

foot down 

2± 0 

1±1 

2 ± 0 

1±1 

3 ± 1 

phalangeal joint 

lift off 

10 ± 4 

7 ± 2 

9 ±2 

7 ± 4 

7 ± 4 

proximal 

foot down 

4 ± 0 

4 ± 1 

4 ± 1 

5 ± 1 

4 ± 1 

interphalangeal 

joint 

lift off 

5 ± 1 

4± 1 

5 ± 2 

6 ± 3 

5 ± 1 
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Discussion 

On a treadmill, animals perform only a portion of their locomotion repertoire. Treadmill 
locomotion or restrained locomotion can be different from that on a normal ground (un¬ 
restrained locomotion), as described, e. g., in horses (Barrey et al. 1993) and humans 
(Elliot and Blanksby 1976). Our present observations of unrestrained locomotion dur¬ 
ing force plate recordings on Tupaia glis at gallop show that the limbs are more extended 
than on the treadmill, the animal jumps higher and gains longer distances during the 
swing phase (0.3 m-0.4 m). However, only locomotion on the treadmill allows to analyse 
kinematics properties using cineradiography, and especially to record series of steps. 

Jenkins (1974 a) primarily investigated movements of the distal elements in his study 
on tree-shrew locomotion. His results were based on a small number of observations. He 
reported only one value for each of the analysed angles during exploratory activity of the 
animal. During bounding runs, he analysed only the hindlimbs; no data were given for 
the forelimbs. Only a detailed analysis of many steps, however, allows to recognise and 
assess the degree of variability or stereotype of parameters in locomotion. A major defi¬ 
ciency in Jenkins’ work (1971, 1974 a) is his neglect of the scapula, which contributes to 
body propulsion of up to more than 40 % in T. glis and more than 60 % in other mam¬ 
mals. 

According to Jenkins (1974 a), rhythmic flexions and extensions restricted to the in¬ 
tervertebral articulations between Thll and LI occur during exploratory activity and 
bounding run: “... the lumbar series remains rigid and [does] not contribute to even the 
most extreme flexion observed”. His observations are in sharp contrast to ours on Tupaia 
but also on other small mammals. We found movements in the caudal thoracic spine, but 
the highest intervertebral amplitudes occur in the lumbar region. The sagittal lumbar 
spine movements in Procavia capensis (Fischer 1994) and Ochotona rufescens (Fischer 
and Lehmann 1998) contribute extensively to body propulsion during in-phase gaits. 
‘Pelvic movement’ during symmetrical gaits in T. glis is low compared to other small 
mammals (P. capensis < 20°, Fischer 1994; Monodelphis domestica 9°, unpubl. obs.). Most 
other studies consider only angles of larger segments of the vertebral column to the hori¬ 
zontal line (e.g., Jenkins 1974 a; Heckner 1982; Hurov 1987). Fischer (1994) calculated 
intervertebral joint angles between reconstructed foot down and lift off positions on 
freshly dead or anaesthetised animals. The present study is the first cineradiographic ana¬ 
lysis that measured sagittal spinal movements in intervertebral joints in animals. 

Tupaia is comparable to other small mammals in its limb geometry (Fischer and Leh¬ 
mann 1998). Especially at gallop we found almost right angles in shoulder, elbow, hip, 
and knee joint. Limb segments that are in horizontal orientation at foot down or lift off 
may contribute with their whole length to step length. Such a positioning is found in: Di- 
delphis Virginia (Jenkins 1971), Rattus norvegicus (Jenkins 1974 b), Procavia capensis 
(Fischer 1998), Ochotona rufescens (Fischer and Lehmann 1998), Eulemur fidvus 
(Schmidt and Fischer 1999) for humerus and tibia at foot up and for femur at foot down. 
In T. glis, the ulna is also nearly parallel to the ground at foot down during symmetrical 
gaits. 

In Tupaia and those other animals so far analysed with the ‘overlay method’ (O . rufes¬ 
cens, Fischer and Lehmann 1998; Eulemur fidvus, Schmidt and Fischer 1999) scapular 
movements contribute substantially to body propulsion ( T. glis : 42 %-43 %, O. rufescens : 
67 %, E. fidvus : 63 %). Contribution of the humerus ante- and retroversion is comparable 
between these animals (O . rufescens : 21 %, E. fidvus : 31 %). In T. glis, the effects of hu¬ 
merus movements are different during symmetrical gaits (17 %) from gallop (45 %). The 
ulna contributes 32 % to body propulsion because of the large extension in the elbow 
joint at the end of stance during symmetrical gaits, but only 3 % at gallop. The contribu¬ 
tion of the hand is similar during all gaits (9 %) and larger in Tupaia than in other ani- 
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mals ( E . fiilvus : 1 %, O. rufescens : 3 %). In the hindlimb, propulsive effects of the seg¬ 
ments change with gaits, caused by the additive sagittal spine movement at gallop. Spinal 
contribution is low during symmetrical gaits (2 %) and high (42 %) at gallop. The femur 
contributes 49% and the foot 21 % to propulsion at gallop. The animal looses some 
stance length through the movements of the tibia. In O. rufescens , sagittal spine move¬ 
ments contribute the major component to propulsion (55 %-65 %) during in-phase gaits, 
followed by the tibia (19 %-35 %), femur (8 %-10 %) and foot (4 %-7 %). 

Heglund and Taylor (1988) postulated size-related modes of acceleration. Small 
mammals should increase step frequency and larger animals step length, but step fre¬ 
quency should remain nearly constant even with increasing speed during in-phase gaits. 
Tupaia glis belongs to intermediate forms as well as Procavia capensis (Fischer 1998) and 
Eulemur fulvus (Schmidt and Fischer 1999), which increase both parameters. An in¬ 
crease in step duration and length is reported for Rattus norvegicus (Cohen and Gans 
1975). Increase of step frequency is attained by abbreviation of the stance phase (hind- 
limbs of T. glis\ E. fulvus , Schmidt and Fischer 1999; Loris tardigradus , Nycticebus cou- 
cang , Demes et. al. 1990; Macaca mulatta , Felis catus , humans, Vilensky and Gehlsen 
1984), of the swing duration ( Dasyuroides byrnei at in-phase gaits, Kuhnapfel 1996) or 
both parameters (forelimbs of T. glis ; R. norvegicus, Cohen and Gans 1975; P. capensis , 
Fischer 1998). Jenkins (1974 a) described a shortening of the stance duration without dif¬ 
ferences in the footfall pattern during symmetrical gaits (v = 1.5m/s-1.75 m/s). Swing 
duration seems to be increased (Jenkins 1974 a), but no details were given. In the pre¬ 
sent study, a decrease of the stance duration up to 75 % was found during symmetrical 
gaits; at gallop step frequency is almost constant. 

All mammals analysed so far have speed independent swing durations (Cohen and 
Gans 1975; Elliot and Blanksby 1976; Vilensky and Gehlsen 1984; Hoy and Zernicke 
1985; Demes et al. 1990; van Weeren et al. 1993; Fischer 1994; Kuhnapfel 1996; Schmidt 
and Fischer 1999). The measured values for Tupaia are in the range of animals of com¬ 
parable size (70 ms-140 ms). 

A remarkable result is the almost constant horizontal distance between the scapular 
fulcrum and the finger tips at foot down (symmetrical gaits: 68 + 4 mm, gallop: 
62 + 7 mm). In contrast to this, Jenkins (1974 a) figured foot down beneath the shoulder 
joint. Such a positioning of the foot seems to be a speciality of exploratory activity, but is 
never observed at faster gaits. Also in Monodelphis domestica and Dasyuroides byrnei , 
the distance between the fulcrum of the scapula and finger tips scatters only slightly (M. 
domestica : 35 + 3 mm, N = 34; D. byrnei : 32 + 5, N = 19; own observ.). Foot down is below 
the eye point in T. glis , M. domestica , D. byrnei as well as in Galea musteloides , Rattus 
norvegicus (unpubl. observ.) and Ochotona rufescens (Fischer and Lehmann 1998). In 
contrast, the point of foot down lies in front of the eyes in Eulemur fulvus (Schmidt and 
Fischer 1999) which has elongated limbs. 

The onsets of the various flexion and extension movements are not synchronous with 
foot down and lift off. The movements of nearly all joints on the fore- and hindlimb start 
before foot down or lift off in Tupaia glis. A beginning of scapula retroversion well be¬ 
fore foot down was also described for Procavia capensis (Fischer 1994), Felis catus (Boc- 
zek-Funcke 1996), Ochotona rufescens (Fischer and Lehmann 1998), Eulemur fulvus 
(Schmidt and Fischer 1999), Dasyuroides byrnei , Monodelphis domestica (unpubl. ob¬ 
serv.). In contrast, anteversion of the scapula begins at different times e. g., in the last 
quarter of stance ( T. glis , E. fulvus , F. catus , M. domestica) or at lift off (P. capensis , Cer- 
copithecus aethiops (Whitehead and Larson 1994). Retroversion before foot down could 
reduce deceleration forces (Fischer 1994). Measurements of ground reaction forces 
prove that deceleration forces in T. glis are relatively small (unpubl. observ.). 

For the first time, a gait-dependent kinematic behaviour of a limb joint is observed. 
During symmetrical gaits, the shoulder joint movements in Tupaia comprise two flexions 
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and two extensions per step. Only one flexion and one extension occur at gallop. With 
change of gaits, shoulder joint movements are reduced from a biphasic to a monophasic 
pattern. 

The works of Whitehead and Larson (1990) and Schmidt and Fischer (1999) are the 
only cineradiographic studies on primate locomotion ( Cercopithecus aethiops and Eule- 
mur fidvus , respectively) available at present. Shoulder joint amplitudes are significantly 
larger in the terrestrial C. aethiops than in small non-primates. A remarkable scapular 
movement was described for E. fulvus , including a distinct mediad rotation. Both species 
as well as other primates have elongated limbs. Tupaia glis does not share these features 
with primates. The locomotion of T glis is similar to that of other small mammals in its 
kinematic and metric parameters. It appears that these parameters are common in mam¬ 
mals of a small to medium size class, independent of their taxonomic group. 

In all analysed small to medium-sized mammals body propulsion is mainly achieved 
by actions of the proximal limb segments. The flexed limb posture enables the animal to 
react to obstacles and reduce vertical displacement of the centre of gravity. The horizon¬ 
tal orientation of the upper arm and lower leg at lift off, and the upper leg at foot down 
seem to be standard parameters of the locomotion of small mammals. Additive sagittal 
spine movements contribute substantially to body propulsion during in-phase gaits. All 
these features probably occurred in the most recent common ancestor of therian mam¬ 
mals. 
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Zusammenfassung 

Kinematische Analyse der Fortbewegung von Tupaia glis (Scandentia: Tupaiidae) auf dem Laufband 

Mit Hilfe der Rontgenkinematographie wurde die Fortbewegung von Tupaia glis auf dem Laufband 
in verschiedenen Gangarten (Schritt, Trab und Galopp) untersucht. T. glis erhoht seine Geschwindig- 
keit in den symmetrischen Gangarten (Schritt, Trab) durch eine Steigerung der Schrittfrequenz, im 
Galopp wird durch eine Flugphase Schrittlange gewonnen. Die Vorderextremitat fuBt in alien Gang¬ 
arten unter dem Auge auf, der AbfuBpunkt liegt in den symmetrischen Gangarten hinter und im Ga¬ 
lopp meist vor dem Lot des Scapula-Drehpunktes. Humerus und Tibia werden beim AbfuBen in alien 
Gangarten horizontal positioniert. Beim AuffuBen wird das Femur parallel zum Untergrund gestellt. 
Die proximalen Extremitatenabschnitte sind maBgeblich am Rumpfvortrieb beteiligt (Scapula in alien 
Gangarten: 42-43%, Femur in den symmetrischen Gangarten: 82% und im Galopp: 49%). Im Ga¬ 
lopp tragt die additive Sagittalbewegung 42 % zum Vortrieb des Korpers bei. Ellbogen- und Kniege- 
lenk werden in den symmetrischen Gangarten am Ende der Stemmphase deutlich weiter geoffnet 
(30-40°) als im Galopp. Erstmals konnte ein von der Gangart abhangiger Ablauf der Gelenkbewe- 
gungen beobachtet werden. Der biphasische Bewegungsablauf des Schultergelenkes mit zwei Beugun- 
gen und Streckungen pro Schrittzyklus in den symmetrischen Gangarten wird auf einen monopha- 
sischen Ablauf im Galopp reduziert. Die Dorsal- und Ventralflexionen der Wirbelsaule wurden zum 
ersten Mai auf der Basis der Rontgenkinematographie untersucht und dabei nachgewiesen, daB es 
sich im Unterschied zu der bei anderen Saugetieren beschriebenen additiven Lumbalbewegung bei 
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T. glis um eine additive Thorako-Lumbalbewegung handelt. Die untersuchten kinematischen und 
metrischen Parameter von T. glis stimmen in wesentlichen Punkten mit denen anderer kleiner und 
mittelgroBer Saugetiere iiberein. Die Kinematik ist abhangig von der KorpergroBe und unabhangig 
von der systematischen Stellung der Tiere. 
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